Abstract An idealized eddy-resolving numerical model, with topographic features common to the southern Weddell Sea, is constructed to study mechanisms through which warm deep water enters a wide continental shelf with a trough. The open ocean, represented by a 1700 m deep channel, is connected to a 400 m deep shelf with a continental slope. The shelf is narrow (50 km) in the east but widens to 300 km at the center of the model domain. Over the narrow shelf, the slope front is balanced by wind-driven Ekman downwelling and counteracting eddy overturning, favoring on-shelf transport of warm water in summer scenarios when fresher surface water is present. Over the wide shelf, the Ekman downwelling ceases, and the mesoscale eddies relax the front. Inflow of warm water is sensitive to along-shelf salinity gradients and is most efficient when denser water over the wide shelf favors up-slope eddy transport along isopycnals of the V-shaped slope front. Inflow along the eastern side of the trough cannot penetrate the sill region due to potential vorticity constraints, while along the western trough flank, eddy-induced inflow crosses the sill and reaches the ice front. The warm inflow into the trough is sensitive to the density of the outflowing dense shelf water. For weaker winds, absence of the dense water outflow leads to a reversal of the trough circulation and a strong inflow of warm water, while for stronger winds, baroclinic effects become less important and the inflow is similar to experiments including dense water outflow.
Introduction
The observed thinning of the floating ice shelves in West Antarctica has been attributed to increased basal melt caused by increased flow of warm (>21.98C) Circumpolar Deep Water (CDW) into the ice shelf cavities [Pritchard et al., 2012] . Ice shelf thinning reduces buttressing of the ice sheet upstream, resulting in accelerated ice flow and ice sheet mass loss [Dupont and Alley, 2005] . The ice shelf thinning is strongest in the Bellingshausen and Amundsen Sea [Pritchard et al., 2012; Paolo et al., 2015] , where CDW has direct access to the ice shelf cavities [Jacobs et al., 2011] .
In other regions, such as the Ross Sea and the Weddell Sea, water temperatures on the continental shelf and inside the ice shelf cavities are close to the surface freezing point (21.98C) [Nicholls et al., 2009; Orsi and Wiederwohl, 2009] , and the basal melt rates are low ($ 0:13 m yr 21 ) [Rignot et al., 2013] . The warm CDW (>1.258C) is decoupled from the shelf circulation by a front system over the continental slope, often referred to as the Antarctic Slope Front (ASF), and characterized by a southward depression of the isopycnals toward the continental slope [Gill, 1973; Jacobs, 1991] . Dense water formation over the continental shelf in the southern Weddell Sea [Nicholls et al., 2009; Foster and Carmack, 1976] , where the large Filchner-Ronne Ice Shelf (FRIS) resides (Figure 1) , furthermore leads to a second, on-shore front separating the lighter water in the north from the dense shelf water. The isopycnals over the shelf break and the continental slope thus exhibit a V-shape [Jacobs, 1991; Gill, 1973] .
In the Weddell Sea, the ASF impedes on-shore transport of warm deep water (WDW), a slightly cooler and fresher derivative of CDW [Heywood et al., 1998 ]. However, future climate model simulations [Hellmer et al., 2012; Timmermann and Hellmer, 2013] suggest circulation changes in which WDW will access the FRIS cavity and increase melting from 0.2 to almost 4 m/yr within this century. The predicted increase in the flow of WDW toward the FRIS is linked to the Filchner Depression (FD) and changes in the momentum transfer from the atmosphere to the ocean, which causes a redirection of the slope current.
The slope current is associated with the offshore part of the ASF [Gill, 1973] and flows westward along the continental slope. In the eastern Weddell Sea, where the continental shelf is a few kilometers wide, the slope current coincides with the Antarctic Coastal Current (red arrow in Figure 1 ), but as the continental shelf widens at 278W and the coast separates from the continental slope, the current bifurcates into a coastal current (orange arrow in Figure 1 ) and the slope current [Whitworth et al., 1985; Heywood et al., 1998 ]. Downstream of the bifurcation, the Filchner Depression, a 100 km wide and 1000 m deep coastal trough with a sill depth of about 600 m, crosscuts the wide continental shelf. The FD is filled with dense Ice Shelf Water (ISW) that emerges from the FRIS cavity and spills over the FD sill at a rate of 1.6 Sv (blue arrow in Figure 1 ) [Foldvik et al., 2004] .
Existing climate model simulations do not fully resolve the relevant dynamics nor provide clear answers on the processes being responsible for the predicted circulation changes. The on-shore heat transport across the ASF can potentially be controlled by several mechanisms. This includes flow instability of the slope current [Klinck and Dinniman, 2010] , thermocline response to surface wind stress and near-surface hydrographic conditions , mesoscale eddies [Nøst et al., 2011; Stewart and Thompson, 2015] , and flow interaction with bottom corrugations and troughs crosscutting the shelf break [Klinck and Dinniman, 2010; St. Laurent et al., 2013] . A better understanding of these mechanisms and the interplay between them is needed in order to improve future predictions of ice shelf-ocean interaction and ice sheet mass loss in a warming climate.
Model resolution is an important issue in studies of water exchange across the Antarctic continental slope, where the internal Rossby radius of deformation typically is less than 10 km. High resolution is required in order to properly resolve the steep topography and the water transport associated with mesoscale eddies [St. Laurent et al., 2013; Stewart and Thompson, 2015] , but are yet too computationally expensive to be applied over large areas and/or time scales. High-resolution idealized models, such as the one being used in this study, are therefore important tools to study mechanisms for on-shelf transport of warm water.
We investigate a shelf region similar to the southern Weddell Sea, using an eddy-resolving regional ocean model with idealized topography, hydrography, and forcing conditions. The geometry represents the essential features of the region; a steep continental slope (a50:016) connecting the deep ocean (1700 m) to a shallow (400 m) continental shelf, which is narrow in the east and opens up and widens toward the west. A deep coastal trough (sill depth 600 m), representing the FD (Figure 1) , cuts across the wide shelf (Figure 2a) . We study the slope front stability and the mechanisms which transport warm water on-shore over three bathymetric regions (narrow shelf, wide shelf, and trough opening).
It has been hypothesized that on-shelf transport of heat across the ASF, along the Weddell Sea continental slope, is controlled by a balance between the wind-driven Ekman overturning and a counteracting eddy overturning [Nøst et al., 2011] . However, previous modeling studies have mainly focused on zonally uniform, near equilibrium configurations [Stewart and Thompson, 2015] . We explore how this balance changes when the shelf widens. We perform a series of sensitivity tests to study the effect of (I) the magnitude of westward wind stress, (II) the shelf salinity, and (III) the surface hydrography.
Troughs across the continental shelf break offer pathways for shoreward transport of warm water. Observations from the FD show inflow of warm water with a core at 400 m depth along the eastern flank [Carmack and Foster, 1977; Foldvik et al., 1985; Årthun et al., 2012] during summer, which at least occasionally reaches as far south as the Filchner Ice Front and which appears to be wind driven . Interactions between a shelf break jet and cross-shelf trough will depend on the trough geometry, stratification, and the strength and direction of the flow [Williams et al., 2001; Klinck, 1996; Allen and Durrieu de Madron, 2009; Zhang et al., 2011a] .
We investigate how the southward transport of warm water in a trough, with characteristics similar to FD, responds to changes in forcing conditions I-III above. In addition, we explore (IV) how the presence of dense shelf water (DSW), a mixture of ISW and High Salinity Shelf Water, in the trough, and also the DSW density, affects the WDW inflow. Hellmer et al. [2017] suggested that the density of the ISW is an important regulator of the warm inflow. This work provides an assessment of the mechanisms they proposed. The shaded transect at 850 km East marks the transition from the narrow to the wide shelf. A 125 km wide trough cuts across the wide shelf region, with a sill depth of 600 m. The depth of the trough increases linearly to 900 m at the southern boundary. The zonal wind profile is shown with blue arrows. Potential density climatology for (b) winter and (c) summer, with geostrophic current velocity displayed as red contours. The winter climatology is also the same as the initial condition. r h 527:7 and 27.8 isopycnals are shown with black dashed contours.
The paper is organized as follows. Section 2 introduces relevant concepts of mesoscale eddy transports and potential vorticity constraints that are used to analyze the model results. The model results are presented in section 3, and a discussion of the model performance and limitations is given in section 4. Finally, a summary of the main findings is provided in section 5.
Methods

Model Setup
We conduct idealized numerical simulations using the Regional Ocean Modeling System (ROMS, version 3.6) [Shchepetkin and McWilliams, 2009] . The model domain is 1500 km 3 500 km, with a horizontal resolution of 1.5 km, which has previously been found to be sufficient to resolve cross-shelf transport by eddies . In the vertical, the model is discretized into 30 terrain-following layers with enhanced resolution near the surface and near the sea bed. The layer thickness varies from less than 3 m in the surface layer over the continental shelf up to 110 m in the deep ocean interior.
The idealized model geometry is shown in Figure 2a , resembling the prominent features of the southern Weddell Sea (Figure 1 ). The deep ocean is connected to a 400 m deep shelf with a continental slope, represented by a hyperbolic tangent function. The slope steepness (a 50:016) is similar to the Crary Fan region north of the FD (Figure 1 ). The maximum bottom depth in the open ocean is limited to 1700 m, which is assumed to cover the dynamically active part of the water column, while optimizing model performance, which is limited by the barotropic wave speed ffiffiffiffiffi ffi gH p . A 125 km wide trough, with geometry similar to FD, is crosscutting the continental shelf and the upper part of the continental slope. The trough deepens linearly from 600 m at the shelf break sill to 900 m at the southern boundary. The side walls are symmetric with steepness (a trough 5 0:0043-0.0109 from the sill to the southern boundary) representative of the eastern flank of FD.
Horizontal advection of tracers and momentum are computed using a third-order upwind scheme with no explicit mixing being applied. The model is stepped forward in time with a split-explicit scheme, using a baroclinic time step of 3 min, and 25 barotropic substeps.
Initial and climatology hydrographic forcing (Figures 2b and 2c ) are constructed from 26 conductivitytemperature-depth (CTD) profiles, taken across the eastern Weddell Sea continental shelf break at 178W [Nøst and Lothe, 1997] , and from more than 2000 CTD profiles from instrumented southern Elephant seals [Nøst et al., 2011] . The dataset is described in Hattermann et al. [2014] and is adapted to the idealized setup, where we apply zonally homogeneous conditions. For our reference simulations, the trough is initially filled with DSW with temperature h DSW 5 228C and salinity S DSW 5 34.65. These values fall within the range of observed DSW properties (Figure 3 ). At the southern boundary, we restore temperature and salinity to the initial values. We further impose a northward flux ($1 Sv), by restoring the velocity in the deep trough to V north 5 0:025 m s 21 below 430 m, to ensure that the DSW properties do not drift over the 5 years we run the model. The restoring velocity is kept constant in all experiments, including those where DSW is absent.
A geostrophically balanced slope current, relative to the pressure level at 1700 m depth, is calculated from the hydrographic fields and is imposed along the eastern model boundary (Figures 2b and 2c) . Apart from that, the initial momentum fields are at rest. We apply an idealized westerly wind stress over the deep ocean with a sinusoidal decay to zero from y 5 375 km to the southern boundary ( Figure 2 We do not include sea ice in the simulations, but restore sea surface temperature (SST) and salinity (SSS) to mimic the effects of ice. We do not consider tides in the model, but a discussion on the effects of tides is given in section 4. Further details on the forcing and boundary conditions are given in Appendix A.
For each scenario, the model is run for 5 model years (1 year is 360 days) applying constant winter (no fresh surface water) surface stratification, and then for 5 years applying constant summer (including fresh surface water) surface stratification (see Figures 2b and 2c ). Average fields from the last model year of winter and summer are used for analysis of hydrography and currents as well as depth-integrated Mean and Eddy Kinetic Energy (MKE/EKE). Eddy fluxes are computed using daily mean fields of velocity and hydrography and are averaged over 1 year.
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In addition to the suite of reference simulations, which covers winter and summer scenarios with varying wind forcing, a number of five sensitivity experiments were conducted, where we perturb the trough hydrography (h DSW and S DSW , Figures 3a-3c ) and the wide shelf SSS. An overview of the different experiments and their short names is summarized in Table 1 .
Mesoscale Eddies and Vertical Reynolds Fluxes
To diagnose the effects of eddies in on-shelf heat transport, we follow the methods outlined by Marshall and Shutts [1981] . The steady state Eddy Available Potential Energy (EAPE) equation, neglecting sources/ sinks of heat and advection of EAPE by eddy velocity, is
The overbar represents a time average, long compared to the eddy life time, and the prime represents the deviation from the average. The first term is advection of EAPE by the mean flow. The second term includes horizontal Reynolds fluxes and represents conversion of mean Available Potential Energy (APE) to EAPE. The third term includes the vertical Reynolds fluxes and represents the conversion of EAPE to Eddy Kinetic Energy (EKE).
In baroclinically unstable regions, away from boundaries, eddies act to reduce the large scale APE related to, e.g., geostrophic currents, by transferring the APE into EKE, and hence, redistribute the water masses toward a less energetic state. The loss of EAPE from conversion to EKE and from advection downstream (positive term 1 and 3 of equation (1)) leads to down-gradient transfer of heat (v 0 T 0 < 0). Gent and Mcwilliams [1990] have suggested that the eddy fluxes in essence work as an along-isopycnal diffusion operator which tends to make the isopycnals more parallel.
In regions of eddy decay, however, the conversion to EKE is small, or even negative, which can lead to upgradient transfer of heat [Marshall and Shutts, 1981] . Similarly, in proximity to boundaries, such as the continental slope, the slope current is restricted to follow f/H contours due to potential vorticity conservation. Here eddies can interact with topography and cause local up-slope transport of denser water (in our case WDW) and hence increase the APE locally [Nøst et al., 2011; Hattermann et al., 2014] .
Diagnosing eddy fluxes is not trivial. Ideally, eddy fluxes can be separated into purely rotational and purely divergent parts in order to better understand effects of mesoscale eddy activity [Marshall and Shutts, 1981] . However, Fox-Kemper et al. [2003] asserted that such a decomposition is only possible in infinite domains.
For an open-bounded finite domain, the divergent and rotational fluxes cannot be observed individually, and without using additional constraints these fluxes and their boundary conditions cannot be uniquely determined.
Here we use the vertically integrated, and hence uniquely determined, Reynolds fluxes that represent the conversion of EAPE to EKE (third term in equation (1)), assuming that EAPE is essentially provided by the second term in equation (1). Principally, the vertical Reynolds fluxes are general measures of the transient vertical buoyancy advection and are not related to eddies or any particular mechanism. However, considering that the constant mean model forcing does not introduce any transients, as well as assuming that the interior circulation is nearly adiabatic, i.e., that the grid scale mixing should be small compared to the resolved tracer advection, we can assume that the diagnosed covariance is mainly determined by the internal model variability arising from instability of the forced mean flow. Then, given the temporal (1-360 day band) and spatial (L ! 1.5 km, H ! 10 m) scales taken for the fluctuating terms, we are filtering for what would be a typical signal of mesoscale eddies, although any other type of fluctuations or waves may also be present.
The total vertical flux can be written as the sum of a mean and a fluctuating part (Reynolds flux). For example, for temperature we have
The vertical Reynolds flux is computed as the residual between the two first terms of equation (2). We calculate depth-integrated fluxes of temperature and salinity, and also a linearized density flux, using the approximation:
where q 0 is the reference density, a is the thermal expansion coefficient, and b is the saline contraction coefficient. The linearized density aids the understanding of which water masses are involved in the density flux.
Negative Reynolds fluxes for density mean lowering of the APE by lifting light water or lowering dense water. This is expected in most areas of the model, especially away from the steep topography. Positive Reynolds fluxes for density show us where the APE is increased by, e.g., lifting dense water up-slope.
Potential Vorticity
In order to interpret the interaction of the slope current with the topography of the trough, we will follow the procedure described by Magaldi et al. [2011] , and calculate the Ertel PV according to equation (4):
We only consider the vertical component of the planetary vorticity, 2X ' ð0; 0; 2xsin /Þ5f . We have further applied the thermal wind balance, and neglected the vertical velocity terms [Hall, 1994] . The first term on the right-hand side relates to stretching and compression of isopycnals. The second term is related to the relative vorticity, f5 @v @x 2 @u @y , and the last term is connected to tilting of isopycnals.
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The model fields have terrain-following vertical coordinates and are interpolated to regularly spaced Cartesian depth levels with dz5 5 m before calculation of PV. Finally, the PV is averaged within the isopycnal layer r h 5 27:7227:8, which contains the warm inflow.
Results
We will first give an overview of the general model performance (section 3.1). We will then focus on inflow of WDW over the shelf (section 3.2) and into the trough (section 3.3).
Model Performance
The idealized model approaches a stable state, where the total KE is no longer increasing, after 3-4 years of spin-up for both winter and summer stratification. The circulation pattern agrees with observations in the southern Weddell Sea. A strong, westward slope current is associated with the slope front, with current velocities in the same range as observations from moored instruments [Fahrbach et al., 1992; Jensen et al., 2013] and geostrophic estimates from hydrographic profiles [Heywood et al., 1998 ]. The slope current and the eddy fields are fully developed $200 km from the eastern boundary. A combination of radiation and nudging along the western boundary efficiently advects the slope current out through the western boundary, and no spurious return flow is seen. In the trough, DSW flows along the eastern flank, crosses the sill to the western flank and leaves the trough (Figures 4a and 4c ). The circulation in the trough is similar to recent observations and regional modeling of FD [Darelius et al., 2014] , lending some credibility on the idealized model configuration.
In winter scenarios, no warm water is transported onto the shelf, and the shelf water stays homogeneous with temperatures near the surface freezing point (Figure 4a ). In summer scenarios, where fresh surface water is present, on-shelf transport of warm water causes increased bottom temperature over the shelf (Figure 4c) . The warmest water (h $ 21.58C) is found in the narrow shelf region, and depth-integrated EKE over the shelf (both narrow and wide) increases by a factor of 10-100 compared to the winter conditions (Figures 4b and 4d ). 
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For weak wind scenarios (W0REF and W3REF), the slope current flows westward, along the 850 m isobaths ($320 km North), with a core of 0.15 m s 21 (Figure 5a ). Observations of current velocity across the ASF are limited but reported long-term means range from 0.1 to 0.2 m s 21 at slope depths of 400-1000 m [Fahrbach et al., 1992; Heywood et al., 1998; Jensen et al., 2013] . In agreement with observations from Fahrbach et al. [1992] , the model also shows increasing westward transports associated with the slope current when the wind stress increases. At 900 km East, the westward transport is, relative to W0REF, 100%, 107%, 121%, and 166%, for W3REF, W6REF, W9REF, and W12REF, respectively.
In weak wind scenarios, the core of the slope current follows the 850 m isobath until it reaches the trough mouth region. Here the current crosses the trough mouth while shifting southward, continuing along the 600 m isobath (310 km North, Figure 5a ). In scenarios with stronger wind, an additional westward winddriven current, associated with the Ekman circulation, develops and combines with the initial slope current, to form a broader current with a dual core and weaker maximum velocities (Figures 5c and 5e ). The northern core along the 850 m isobath crosses over the trough mouth region similar to scenarios with weak wind. The wind-driven, southern core shifts on-shore for stronger wind. At 500 km East, this core is located over the 525 m isobath (305 km North, Figure 5c ) in W9REF. The vertical structure of the current is similar for weak and strong wind scenarios, but as the current shifts south toward shallower isobaths, the current takes up the whole water column and becomes barotropic. The wind-driven part of the current is affected by the trough topography, which affects the inflow of WDW that will be described in section 3.3.
During summer (not shown), the slope current velocity exceeds the winter values near the surface, with maximum velocity $0.3 m s 21 . Comparing to the respective winter wind forcing scenario, the summer transports are 148%, 144%, and 173% for W3REF, W6REF, and W9REF. Over the narrow shelf, a westward coastal current, related to the convergence of fresher surface water along the coast, is found in strong wind scenarios.
In addition to the nonlinear eddy field, the model shows westward propagation of topographic waves along the continental slope. Band-pass filtered Hovm€ uller diagrams of along-slope currents (not shown) yield waves propagating westward along the continental slope with periods of $42 h, wavelengths between 80 and 110 km, and with phase speeds between 0.55 and 0.75 m s 21 . We do not see wave propagation in the trough, although other model studies indicate that waves can cause considerable onshore heat transport within troughs [St. Laurent et al., 2013] . The waves follow the continental slope and cross the trough mouth region. In the weak wind scenario (W3REF), when the eddy field is weak, the waves account for 95% of the EKE in the model (calculated from EKE frequency spectra in the frequency band 38-51 h). For stronger wind, nonlinear eddy processes and current instabilities become increasingly more important and the wave contribution to the EKE reduces to 50% in W9REF.
To summarize, the modeled flow pattern agrees with observations in the area. The location and the shape of the slope current depend on the strength of the zonal wind stress. A wind-driven component of the slope current, related to the Ekman dynamics, develops for strong winds. In summer, the surface current is stronger and the EKE level is higher over the continental shelf. In section 3.3, we will look further into how the location of the slope current influences the inflow of WDW into the trough region. We will also explore how the density of the DSW within the trough affects the cross-slope exchanges. But before doing so, we examine the role of eddies for the cross-slope exchange over the narrow and wide shelf region.
3.2. Interaction of the Slope Current and the Continental Shelf Break 3.2.1. Eddy Transports Over the Narrow and Wide Shelf Regions In this section, we will study the balance between the wind-driven Ekman overturning and the counteracting eddy overturning. We will use the Reynolds flux calculations (section 2.2) to examine the cross-slope exchange in a narrow shelf region, and how it changes downstream, when the shelf widens. In the following, the narrow and wide shelf regions will be referred to as narrow/wide regions. We will apply zonal averages over the narrow (yellow) and wide (black) regions identified in Figure 4c . The narrow region is dominated by a convergence of southward Ekman transport at the coastline/ice front, whereas the downwelling is less pronounced in the wide region, where the coastal wall is further away, and the zonal wind stress decays gradually in the wide region (Figure 2a ). We will focus on the effect of surface stratification, which changes from winter to summer, and also comment on the effect of wind stress.
The slope current (> 0:075 m s 21 ) occupies the water column down to $400 m, corresponding to the shelf depth, and the location of the slope current core varies with the wind stress as described in section 3.1. In summer, the current becomes more baroclinic with higher surface velocities. We find EKE maxima, coinciding with the slope front in both regions and for both summer and winter stratification (Figures 6a-6d ). The EKE is amplified near the surface and the bottom. In summer, higher EKE is also seen near the surface over the flat shelf and upper slope, shoreward of the front.
Being consistent with the EKE structure, the Reynolds fluxes indicate different eddy transports over the wide and narrow shelf in the two seasons. In winter, the vertical density fluxes are always negative across the slope front in the narrow region (Figure 6e ). Eddies, dominated by the salt fluxes, act to move fresher water up and more saline water down, suggesting that their main role is to reduce APE by balancing the wind forcing that depresses the isopycnals in this region. In the wide region, the Ekman downwelling ceases and eddy transports will cause a transient response of the weakly forced front, as opposed to a quasi steady state that may be reached in the narrow region. While the integrated net eddy transport is still negative, i.e., reducing total APE, this locally leads to positive density fluxes, as this aids to relax the front (Figure 6f) . Also, the total eddy transport is weaker, and the front approaches a more stable In winter, EKE is weak over the flat continental shelf and the Reynolds fluxes vanish accordingly, with no density gradients shoreward of the slope front. In summer, when lighter surface water is present, a second, shallower front develops associated with the near-surface stratification and leads to significant downward density fluxes over the continental shelf. As a result, the Ekman downwelling is balanced by a shallower eddy overturning cell, allowing the deep slope front to relax. This is evident from the vanishing temperature contribution in the Reynolds fluxes (as temperature differences between the fresh surface water and the Winter Water are small) but can also be seen by the shoaling of the r h 5 27:7 and r h 5 27:8 isopycnals in (Figure 6d compared to Figure 6b ), which leads to warmer water on the shelf in summer, as seen in Figure 4 .
Effect of Varying Shelf Salinity
In addition to changes of the surface flow convergence, the shelf water mass properties will also change as the slope current passes from the narrow region, with the less saline Eastern Shelf Water, to the wide region, where more saline and denser waters are observed on the shelf [Gill, 1973] . We will now analyze the effect of along-slope salinity changes on the eddy driven transports. For this purpose, the shelf salinity is modified by increasing/decreasing the SSS restoring value south of 250 km North over the wide shelf region. The narrow region is unaffected by these modifications, since the shelf, in this region, is located north of 250 km North.
In experiments with higher shelf salinity (HighSSS), dense water is exported from the shelf (negative W 0 S 0 > and W 0 q 0 in Figure 7f ). The r 5 27:7 isopycnal is lifted over the slope (Figure 7d ) and forms a V-shape, which connects the cold, dense shelf water to the warmer CDW at middepths over the slope [Stewart and Thompson, 2016] . Eddies transport warm water onto the shelf (positive W 0 T 0 ), and the shelf-depth temperature increases by 0.1-0.28C (Figures 7b and 7f) . 
(e-h) Corresponding depth-integrated vertical
Reynolds fluxes (third term in equation (1)) for density (gray filled area), temperature (red), and salinity (blue, dashed). The narrow and wide regions refer to the yellow and black squares in Figure 4c .
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In experiments with lower shelf salinity (LowSSS), we find no transport of warm water onto the shelf (Figures 7a and 7e) . The shelf water advected from the narrow region is more saline, and negative Reynolds salt fluxes indicate that eddies export this water downslope, reducing the steepness of the r527:7 isopycnal compared to the reference experiment (Figures 6b and 7c ).
The effect of changing the shelf salinity is strongest in winter scenarios, when the water mass over the shelf is initially homogeneous. In summer, high eddy activity is connected to the surface stratification as explained above, and the presence of fresh water over the shelf, north of 250 km North, dampens the effect of modifying the water mass salinity over the southern portion of the shelf. Experiments with weaker and stronger wind speed give similar results to the medium wind speed experiment (6 m s
21
) shown in Figures 6 and 7.
Warm Inflow in the Trough
Most observations of warm water entering the Weddell Sea shelf are from areas where bottom corrugations or troughs crosscut the continental slope [Foldvik et al., 1985; Nicholls, 2003; Nicholls et al., 2008; Årthun et al., 2012; Darelius et al., 2016] . In this section, we will study the WDW inflow in an idealized trough with similar geometry to FD.
We will first look at the response to wind stress in the reference scenarios. We will then compare the results to scenarios with modified shelf salinity, to see the effect of the increased shelf-depth temperatures found in the HighSSS scenario (Figure 7b ). Finally, we will study how the density of the DSW in the deep trough affects the circulation and inflow of WDW into the trough (Hom/Light/Dense scenarios).
Sensitivity to Wind and Slope Current
In section 3.1, we showed that increased wind stress leads to a stronger and broader slope current. The core of the current is also shifted toward shallower isobaths for stronger wind, and the flow is more affected 
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by the trough topography. In relation to the effect of trough topography and current location, we identify three different regimes of WDW transport into the trough.
The first regime occurs for scenarios with weak wind (W0REF and W3REF). Here the core of the slope current is following the 850 m isobath across the trough and is not affected by the trough bathymetry (Figure 8a) . A standing cyclonic vortex on the eastern side of the trough opening draws filaments of warm water south along the eastern side of the trough (Figures 8d and 8g) . 
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The second regime occurs for medium wind (W6REF) when the core of the slope current is following the 620 m isobath. At this location, the current is located at the very corner of the trough opening. The current is deflected at the corner, but the trough topography is weak and the current crosses the trough at 300 km North (Figure 8b ). We find that in this regime, a warm inflow into the trough is caused through eddy shedding, as the topographic shelf waves described in section 3.1 interact with the trough opening. From movies of the flow (supporting information I), it can be seen that the waves approximately follow the 650 m isobath and break toward the center of the trough ($460 km East). Examination of the current and the density field shows that those waves cause undulations in the PV field that leads to eddy formation, as described by Zhang et al. [2011b] . Being advected by the mean flow, these eddies propagate southwestward across the trough mouth, and into the deep trough, causing warm inflow on the western side of the trough ( Figure 8h) ; a mechanism that appears to be most efficient for intermediate winds.
The third regime occurs during strong wind (W9REF and W12REF), when the trough topography interacts more strongly with the slope current. The wind-driven component of the slope current flows along shallower isobaths and is deflected southward into the trough. Due to PV constraints, the current cannot cross the sill and leaves the trough, along the same path as the outflow of DSW from the deep trough ( Figure 8c ). The slope current brings large amounts of warm water onto the sill region (Figure 8f ), but only a very small amount of this warm water is found south of the sill (Figure 8i ). Similar to the second regime, topographic waves break at the trough opening and generate eddies. However, the waves break further east, near the 500 m isobath, and the eddies are mostly being advected out of the trough by the mean current.
The flow pattern described for the three regimes above is also reflected in the time-mean PV fields shown in Figure 9 . The PV is low in the slope region for all scenarios and increases over the trough. In the eastern sill area, weaker PV coincide with filaments of WDW inflow. At the southern edge of the sill, where the trough starts to deepen, higher PV forms a barrier which the warm water cannot penetrate. The water column is stretched and conservation of PV leads to gain of cyclonic vorticity, which turns the flow westward over the flat trough bottom. The flow leaves the trough roughly following the topography around the western corner of the trough. In the medium wind scenario (W6REF), the PV barrier appears to be located further north than for the weak and strong wind scenarios (Figure 9b ), and the reduced PV along the western side of the trough agrees with more WDW inflow here.
The slope currents response to varying wind strength is similar in winter and summer. However, since the current is wider and less stable in summer scenarios (see EKE in Figures 4 and 6d) , eddies interact stronger with the mouth of the trough, such that the first regime is absent, and we find generally more warm inflow than during winter for the comparable wind forcing.
In order to quantify and compare the amount of WDW flowing into the trough, we estimate net mass transports, with positive numbers indicating southward transport, for water masses with h > 21.58C and r h > 27:7 across a transect at 240 km North. Transports are calculated, within the h2r h limits, from daily mean Except from the increase in the medium wind winter scenario, which is related to the regime change described above, the southward transport of WDW decreases with increasing wind (orange line in Figure  10 ) for both winter and summer conditions. The transports are higher in summer compared to winter. In summer, the EKE level is higher (Figure 4d ), and we also find increased temperatures for the r h > 27:7 water mass (not shown).
Sensitivity to Shelf Salinity and DSW Density
The southward transport of WDW in the trough increases for denser DSW (Dense) and for higher shelf salinity (HighSSS) (Figure 10 ). The changes are large for the weak wind scenarios, where HighSSS(Dense) bring $ 7ð5Þ times more WDW into the trough during winter, respectively. For strong wind, changes to the southward transport of WDW are modest, potentially because the strong barotropic flow crossing the trough mouth area prevents weaker baroclinic responses to variations in the hydrography.
In section 3.2, we showed that higher shelf salinity leads to larger Reynolds fluxes and more on-shelf transport of WDW. The r h 5 27:7 isopycnal was lifted and bent upward over the shelf, forming a V-shape ( Figures  7b and 7d) . Associated with these changes, the WDW reaches higher up in the water column near the trough opening, and more warm water is hence transported into the trough. For LowSSS, the southward transport of WDW is higher than the reference scenarios in winter and lower than the reference scenarios in summer, for respective wind forcing. Consistent with this result, we find that the EKE levels and Reynolds fluxes increase for LowSSS in winter and decrease in summer (not shown).
In weak wind scenarios (W3), the circulation in the trough amplifies for higher DSW densities and brings more WDW into the trough (Figure 11 ). The southward transport of WDW is close to zero for W3Light, but is $5 times higher in W3Dense compared to W3REF (Figure 10a ). The larger density difference between the DSW and the shelf water sets up a baroclinic flow field that favors the warm inflow (as seen in Figure 11 ).
When DSW is present in the deep part of the trough, the circulation in the trough is characterized by outflow along the eastern flank and inflow along the western flank (Figures 11i-11l) . When the DSW is absent 
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(homogeneous shelf and trough), a fundamental circulation change is seen in the trough. In this case, WDW is the most dense water mass in the system and enters the shelf as a gravity current that flows along the bottom of the trough. In the weak wind scenario (W3Hom), the density driven flow in the trough reverses (Figure 11i ) leading to warm inflow along the eastern flank. For stronger wind (W6Hom and W9Hom), the circulation pattern is not altered, and there is only small amounts of WDW south of the sill. Figure 11 . Winter temperatures and current vectors in the trough region averaged over densities r h 527:7-27.8 for (a-d) four different DSW densities. Vertical sections of (e-h) temperature and (i-l) mass transport across the trough at 240 km North. The transect location is indicated by white horizontal lines in Figures 11a-11d . The 21.58C isotherm is shown with red contours in Figures 11a-11h , and black dashed lines in Figures 11d-11l show isopycnals, with increments of 0.1.
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Discussion
As discussed in section 3.1, our idealized model reproduces the main circulation pattern observed over the continental slope in the Weddell Sea and in FD. The comparison of the different model scenarios has identified several processes that interact to control the access of WDW to the continental shelf and into the trough.
Observations from moored instruments on the Weddell Sea shelf show that warm inflow occurs during the summer season when the thermocline depth is shallower than during winter [Årthun et al., 2012] . Semper and Darelius [2016] found changes in thermocline depth on the order of 200 m between winter and summer, upstream of FD, on the narrow continental shelf. Modeled transport of WDW toward the shelf is low for both seasons (summer/winter). We find that the establishment of an upper eddy overturning cell in summer leads to a relaxation of the ASF isopycnals at depth. Since it can be assumed that this process occurs over the entire eastern Weddell Sea, this will lead to a larger shoaling of the thermocline (as observed) than seen in our model results, where the thermocline depth is fixed at the eastern boundary. This is consistent with Hattermann et al. [2014] and Zhou et al. [2014] who find larger thermocline displacements as a response to surface hydrographic forcing in a periodic (and hence infinite) domain. Running the model with a more realistic summer climatology would likely increase the on-shelf transport of WDW. The increased southward transport of WDW we find during summer scenarios is linked to a dynamic response, rather than to changes in the depth of the thermocline.
Eddy-mediated transport of WDW to the wide continental shelf is most efficient when dense water on the shelf (HighSSS) is transported offshore, creating V-shaped isopycnals across the continental slope. The result agrees with Stewart and Thompson [2016] , who find that the establishment of an isopycnal connection between the dense shelf water and the CDW, creates a pathway for CDW to access the continental shelf without doing work against the buoyancy force. For the other scenarios, the main role of eddies is to balance the wind-driven downwelling, which influence the thermocline depth and the temperature of the WDW interacting with the trough topography.
The trough, with characteristics similar to FD, contributes to southward transport of WDW in the model. We identify three flow regimes, related to the degree of interaction between the slope current and the trough topography. The response to concurrent effects of mean PV conservation and eddy shedding at the trough opening, is different in the three regimes, and leads to a nonlinear relationship between the wind speed and the southward transport of WDW (Figure 10 ). In the weak wind regime, there is no interaction between the slope current and the trough topography, and the southward transport of WDW is dominated by eddies. In the medium wind regime, the core of the slope current is located at the edge of the trough opening and is only weakly affected by the topography. However, this regime seems to be optimal for southward transport of WDW by eddies along the western side of the trough. We associate the eddy formation to the blocking of westward propagating topographic waves at the trough opening, as described by Zhang et al. [2011b] . The waves propagate westward along the continental slope, supported by the PV jump along the slope. In the strong wind regime, the flow pattern resembles that described by Williams et al. [2001] , for a shelf break jet flowing over a wide channel topography. The current is deflected southward into the trough but crosses the trough due to PV conservation (compensating vortex stretching and the gain of relative vorticity). The southward transport of WDW is low, but filaments of warm water are transported south along the eastern flank of the trough. Similar to the medium wind regime, eddy formation due to topographic waves and PV undulations occur, but the eddies form closer to the eastern side of the trough, and seem to be efficiently advected out of the trough by the mean current. Movies showing the propagating waves and eddy formation are included in the supporting information.
In summer, the southward transport of WDW in the trough is higher than for winter scenarios with similar forcing. The thermocline response is small (< 50 m), as described above, but we do find higher temperatures within the density layer r h 527:7227:8, which leads to larger inflow within the h2r h limits in Figure  10 . Furthermore, the EKE level is higher during summer and the southward transport by eddies formed through instabilities in the slope current and breaking of continental shelf waves at the trough mouth is higher. Observations of topographic Rossby waves along the continental slope of the Weddell Sea [Jensen et al., 2013; Semper and Darelius, 2016 ] also show more wave activity and higher EKE in the summer season, compared to the winter season.
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Hellmer et al. [2012] suggested that stronger atmospheric stress from a reduced sea ice cover, combined with lower DSW densities can cause a redirection of the slope current into FD, bringing large amounts of WDW into the ice shelf cavities and increasing the basal melt rates. Our process oriented model does not support such a scenario. Instead, we find that for strong wind, the WDW cannot penetrate the sill due to PV constraints, and the WDW leaves the trough regardless of the DSW density. In experiments with lighter DSW the trough circulation is weaker, and less WDW is transported south. For weak wind, however, we find strong southward transport of WDW when DSW is absent (W3Hom), and the circulation in the trough reverses (Figure 11a ), supporting the tipping point behavior suggested by Hellmer et al. [2017] .
The changes in warm water properties and circulation in the trough and their effect on the ice shelf system merit further studies. In this respect, the idealized numerical model results encourage further experiments on the tipping point behavior and sensitivity to suggested future changes in sea ice production, DSW source waters, and imposed fluxes of DSW at the southern model boundary.
In scenarios with strong wind, we find a convergence of the southward transport of WDW. The barotropic flow, steered by the PV conservation, over the trough sill dominates the flow pattern, and modifications of the hydrographic forcing have little effect. In scenarios with weak wind, we find large differences in the southward transport of WDW, where higher salinity on the shelf (HighSSS) and higher DSW density (Dense) favor southward transport of WDW.
Inclusion of tides is beyond the scope of this study. Our focus has been to study isolated forcing mechanisms. Nevertheless, including tides would increase the general level of mixing along the slope, as the upper continental slope is suggested to be a generation site for semidiurnal internal tides, which are trapped by the critical latitude and dissipate their energy along the bottom . Enhanced near-bottom tidal mixing at the M2-frequency could also affect the stability of the slope front and the amount of warm inflow over the shelf.
Darelius et al. [2016] suggested that certain combinations of wind (storm events), sea ice concentration, shelf salinity, and summer preconditioning of the slope front and stratification favor on-shelf transport of WDW. They specifically point to the importance of the wind. Warm water, which is episodically lifted onto the outer shelf during summer, can be advected south by the wind-driven coastal current. The southward transport of warm water increases during storm events with wind from NW (favors southward water transport). In this study, we only consider the effect of constant wind forcing. During constant winter or summer forcing, the effect of storms, or a seasonal hydrological cycle, on the inflow will be the subject for a future study.
Conclusions
This study presents results from an eddy-resolving, idealized high-resolution ocean circulation model that resembles the circulation in the southern Weddell Sea shelf and slope region, including the interaction of the coastal current with the Filchner Depression.
Warm inflow over the continental shelf is limited by the presence of the ASF. In agreement with Stewart and Thompson [2016] , we find that on-shelf transport of CDW mainly occurs when dense water formation over the shelf connects the density surfaces between the oceanic CDW and the cold shelf water, and the CDW can access the shelf without doing work against the buoyancy forces.
We find more warm water on the shelf when fresh surface water is present (summer scenarios). A shallower eddy overturning associated with the upper ocean stratification partially balances the Ekman downwelling, such that the WDW interface is relaxed. Future predictions suggest that a warmer and wetter atmosphere will generally lead to a freshening of the upper ocean. Also, reduced sea ice production will weaken the convection, allowing upper ocean stratification to persist during winter. Both effects will favor more warm water onto the shelf through a relaxation of the thermocline.
We study the ASF balance in a transient configuration that includes along-shelf changes of the shelf width. Reduced Ekman downwelling over the wide shelf, compared to the narrow shelf, affects the Reynolds fluxes but does not impose large changes on the cross-slope exchange unless along-flow variations of the shelf water density are included.
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Southward transport of warm water in the trough is controlled by several processes: (I) the thermocline depth, regulating the temperature of the water at the depth of the trough sill, (II) the interaction between the slope current and the trough topography, (III) eddy formation through breaking topographic waves at the trough opening, and (IV) density of the water masses in the trough and on the shelf region upstream of the trough. In our results, (II) is dominant for high wind speed, where we find low southward transport of warm water in all scenarios as the WDW will not cross the sill. (III) is important in scenarios with medium wind speed (6 m s 21 ), causing high transports of warm water into the western side of the trough. For weak and medium wind speed, the inflow is also sensitive to (IV), with greater inflow for denser DSW and for more saline shelf water upstream. The seasonal changes in the depth of the thermocline are small in the model, but the temperature at shelf depth (390 m) increases in summer, and we conclude that the higher trough inflow in summer is a combined response of the processes (I-III).
The sensitivity experiments based on our idealized model have provided new insights on the response of the warm inflow to changing atmospheric forcing and to modifications of DSW properties. Hellmer et al.
[2012] and Timmermann and Hellmer [2013] suggested a future scenario where the slope current is redirected southward along FD, as a consequence of more mobile sea ice and higher momentum transfer between the atmosphere and the ocean. Hellmer et al. [2017] further describe a tipping point behavior, where a warm water flushing of the ice shelf cavity leads to a melt water feedback that enhances the shelf circulation and the southward transport of warm water along the trough. Our results suggest a slightly different response to increased wind stress, where the wind-driven part of the slope current is directed southward along the trough opening, but conservation of PV causes the current to turn at the sill and leave the trough. The current is strong and barotropic and reduces the southward transport of warm water by eddies, as the eddies are being advected out of the trough along with the current. This mechanism occurs for strong wind scenarios regardless of the density of the DSW in the trough. Instead, we find an optimal configuration for medium strength wind forcing, where warm inflow related to eddyshedding appears to be most efficient. In the simulation with weak wind and no DSW present in the trough (W3Hom), we find a reversed circulation pattern in the trough and increased warm inflow. Although we do not include ice shelves or fresh water input from basal melting, the results support the suggested tipping point behavior. If the DSW production is cut off, a continuous inflow of warm water occurs along the bottom of the trough, reaching the southern boundary of the model. However, we did not find similar results in scenarios with stronger wind. Our work therefore emphasizes the need for further studies of these processes and how they are affected by transient changes in the wind pattern and the DSW properties.
Appendix A: Model Boundary Conditions and Surface Forcing
The northern and southern boundaries are treated as closed walls. Along the eastern and western open boundaries, we apply a radiation boundary scheme with restoring toward the initial hydrography and 3-D momentum fields [Marchesiello et al. 2001] . For the 2-D momentum, we apply a radiation condition similar to Flather [Flather, 1976] , but adjusted for staggered grids (named Shchepetkin in ROMS) and for the free surface we apply Chapman explicit conditions Chapman [1985] . We restore temperature, salinity, and velocities at all boundaries, using smoothly increasing relaxation time scales [Nycander and D€ o€ os, 2003 ]. An overview of the restoring zones and time scales is given in Table A1 . At all boundaries, we apply a 30 km sponge zone, where the diffusivity and viscosity increase smoothly from 1 m 2 s 21 in the interior to 3 m 2 s 21 at the boundary.
In order to reduce piling up of cold and saline DSW overflow west of the trough (downstream), we increased the restoring zone for temperature and salinity in the 10 deepest terrainfollowing layers west of 350 km East. At the shelf break, this corresponds to water depths below 400 m, increasing to 1300 m over the deeper ocean. Journal of Geophysical Research: Oceans
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In the deeper part of the trough (>400 m), a reduced restoring time scale maintains the property of the DSW in the southern trough.
We restore SST and SSS to mimic the effects of sea ice. The restoring time scale is 3 days. For winter simulations, we restore to SST 5 21.98C and SSS 5 34.4 over the whole domain. For summer simulations, we keep the winter conditions over the wide shelf but restore to SST 5 21.58C and SSS 5 33.7 over the narrow shelf and deep ocean.
The wind stress is calculated from s52q air C D U 2 , where q air 5 1 kg m 23 and the drag coefficient C D 50:001.
We apply an idealized westerly wind stress, with s max 52q air C D U 2 max over the channel and sinusoidal decay to zero from y 5 375 km to the southern boundary (Figure 2a) . through the project WARM and through the NARE program under the project WEDDELL. Helpful comments and discussions with P.E. Isachsen were greatly appreciated. We thank T. Birkeland for technical support on computing resources. We also thank K. Makinson and one anonymous reviewer for constructive comments that improved this paper. The model output files used for analysis in this paper is available at https://archive. norstore.no/, doi: 10.11582/2017.00003.
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